The eastward propagation processes of the Madden-Julian oscillation (MJO) was examined from a case study of the first MJO generated in late October during CINDY2011. The eastward propagation of the MJO was found to be synchronized with an extratropical cyclone in the Southern Hemisphere. The synchronized propagation of the MJO and the extratrpical cyclone was associated with the ridge and trough pair meridionally extending between 30°S~15°N. The convection center of the MJO shifted eastward as a result of the westerly winds in the tropics, expanding eastward by the zonal pressure gradient force between the ridge and trough.
Introduction
The Madden-Julian oscillation (MJO; Madden and Julian 1972) is a large-scale convection slowly propagating eastward at approximately 5 m s −1 over the equator. The mechanism of the eastward propagation of the MJO is one of the biggest questions in meteorology at present. Previously proposed mechanisms of the eastward propagation of the MJO can be divided into two streams: the internal (tropical) forcing based on equatorial dynamics and the external (extratropical) forcing associated with the interactions between the tropics and mid-latitudes.
The tropical internal forcing, a frictional wave-CISK (conditional instability of the second kind) proposed by Wang and Rui (1990) , is one of the most popular theories to explain the eastward propagation of the MJO. Thus, the theory assumes that the frictional surface moisture convergence is expanded due to the interaction between equatorial Rossby and Kelvin waves, which are excited by convection. The frictional wave-CISK theory has been improved and validated by numerous studies using numerical simulations and statistical analyses (e.g., Maloney and Hartmann 1998; Matthews 2000; Seo and Kim 2003) .
With regard to extratropical external forcing, many studies have suggested the influence of baroclinic waves that propagate equatorward (Hsu et al. 1990; Lin et al. 2000; Matthews and Kiladis 1999) . For example, the analyses by Slingo (1998) have suggested that accurate numerical simulations of the MJO may require those interactions between the tropics and mid-latitudes. However, statistical signals of the interactions between the tropics and mid-latitudes are not clear, and the consistency between internal and external forcing theories has not yet been well understood. In addition, we should consider not only the proposed internal and external forces but also their combination because the MJO events have distinct features and develop in different environmental conditions (e.g., primary and successive events, Matthews 2008; equatorially symmetric and asymmetric events, Tung et al. 2014) . Moteki (2015) has noted that the three MJO events observed during the cooperative Indian Ocean experiment on intraseasonal variability in the year 2011 (CINDY2011, Yoneyama et al. 2013; Zhang 2013) were synchronized with strong extratropical cyclones traveling over the Indian Ocean in the Southern Hemisphere. In particular, the mature phase of the primary MJO observed in late October 2011 was completely synchronized with the passage of a very strong extratropical cyclone over the Indian Ocean. The purpose of this study is to investigate the extratropical cyclone in the Southern Hemisphere synchronized with the MJO.
Data
The Japanese 55-year reanalysis from 1958−2012 (JRA-55, Ebita et al. 2011; Kobayashi et al. 2015) was used to investigate the large-scale environment. The dataset has a 1.25° horizontal resolution, 38 levels (the surface and 1−1000 hPa), and 6-h intervals. A majority of the intensive observations from CINDY were transmitted to operational centers to be assimilated in the reanalysis. Moteki (2015) has confirmed that the qualitative patterns of averaged large-scale fields with the JRA-55 are largely consistent with other objective analysis datasets (e.g., ERA-Interim, Dee et al. 2011) . The daily estimates of outgoing long-wave radiation (OLR) with a 2.5° resolution from polar-orbiting satellites (Gruber and Krueger 1984) were provided by the National Oceanic and Atmospheric Administration (NOAA). Moteki (2015) has revealed that the October-MJO in 2011 developed as the pressure field in the Southern Hemisphere drastically changed and was associated with the decay of the Mascarene High and the passage of a strong extratropical cyclone. The features of the pressure field over the Indian Ocean were consistent with previous studies that addressed the influence of mid-latitudes in the Southern Hemisphere on the MJO development (e.g., Adames et al. 2014; Kerns and Chen 2014; Ray and Zhang 2010) . Here, we focus on the synchronized eastward propagation of the extratropical cyclone and the MJO from the Indian Ocean to the Maritime Continent. Figure 1 shows the longitude-time cross sections of normalized geopotential height anomaly (NZA), westerly wind speed, and OLR. The NZA is normalized for the meridional difference in the amplitude of the geopotential height variation according to the following calculation:
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where mean(Z ) and std(Z) are the zonal mean and standard deviation of geopotenital height Z between 40°E−140°E, respectively, for each latitude. The large-scale low-height anomaly over the equator shown in Fig. 1b is shifted to the east in advance of the eastward-propagating MJO convection (indicated by OLR) at a speed of approximately 6 m s −1 with westerly winds. The features of the NZA, OLR, and westerly winds are consistent with the typical MJO depicted by the schematic illustration of Madden and Julian (1972) as described in Moteki (2015) . Between 10°S−30°S (Fig. 1c) , the eastward-propagation of the low-height anomaly hPa was at 38°S, 92°E).
After 26 October, the very strong extratropical cyclone (992 hPa; 40°S, 60°E) appears and the strong westerly winds behind the cold front (corresponding to the maxima of synoptic ascending and zonal gradients of the equivalent potential temperature shown in Supplement 1) are observed to the southeast of Madagascar Island (Fig. 2a) . On 29 October, a meridionally extending trough of low-NZA forms over the western Indian Ocean as a result of the approach of the extratropical cyclone to the low-NZA area of the MJO (Fig. 2b) . In addition, the westerlies behind the cold front which has the zonal gradients of the equivalent potential temperature (0.5−1.2 K/1000 km, see Supplement 1) intrude equatorward to the north of 15°S, and a cross-equatorial ridge of high-NZA associated with the extratropical cyclone (along the red line indicating the phase speed of 6 m s −1 ) is synchronized with that of the MJO. In contrast, between 10°N−30°N (Fig. 1a) , the low-height anomalies essentially propagate westward and there are almost no features corresponding to the eastward propagation of the MJO. Such an equatorially antisymmetric feature of the NZA suggests that the eastward propagation of the MJO could be combined with the extratropical cyclone in the Southern Hemisphere. Figure 2 shows the daily averaged NZA, westerly winds and SLP. Until 26 October, immediately after the MJO onset date of 21 October, the standing Mascarene High (surrounded by the representative SLP threshold of 1010 hPa, shown by the bold blue contour in Fig. 2a ) was significant to the south of 15°S (the maximum SLP of 1022 appears along the eastern coast of Africa.
On 1 November, the extratropical cyclone decays after landing over the western coast of Australia, and a traveling anticyclone is dominant over the southern Indian Ocean (Fig. 2c) . As a result of the migration of the extratropical cyclone and anticyclone, the ridge and trough pair that extends cross-equatorially at 850 hPa is shifted to the eastern Indian Ocean. The fact that the region of westerly winds at 850 hPa over the equator expands eastward to the Maritime Continent is consistent with the eastward pressure gradient force from the ridge to the trough. On 4 November, the anticyclone over the southern Indian Ocean is strengthened, and the high NZA region greater than 1010 hPa expands to the tropics to the north of 15°S (Fig. 2d) . The ridge of positive NZA at 850 hPa expands over the entire Indian Ocean, and the trough of negative NZA extends from the western coastal region of Australia to the Maritime Continent. Under the situation in which the eastward pressure gradient force pushes toward the Maritime Continent from the Indian Ocean, the region of westerly winds advances to 130°E across the equator. The eastward shift of the center of the MJO convection from the Indian Ocean to the Maritime Continent is consistent with the fact that the convection over the Indian Ocean is suppressed under the positive NZA, and the region of westerly winds expands eastward along the zonal pressure gradient force between the trough and ridge. Figure 3 shows the vertical cross sections of NZA averaged between 70°E−90°E to show the meridional vertical structure of trough and ridge. The meridionally-extending trough structure is seen below 500 hPa in the tropics on 29 October (Fig. 3a) and the ridge appears below 500 hPa on 1−4 November (Fig. 3b, c) . Between 15°S−5°N, the ridge and trough of NZA have a 1st baroclinic mode with the opposite signs below and above 500 hPa as the internal mode of the tropics. However, such baroclinic structure of NZA gradually changes to the barotropic structure in seamless manners in the Southern Hemisphere but is separated to the north of 15°N in the Northern Hemisphere.
The synchronized eastward propagation between the tropics and extratropics in the Southern Hemisphere is observed in the ascending motion at 850 hPa (Fig. 4) . On 29 October, the colder air (indicated by the blue contours) behind the cold front (see Supplement 2) intrudes into the tropics to the north of 15°S, and the ascending areas of both the MJO and extratropical cyclone are combined (Fig. 4a) . On 4 November, the ascending areas meridionally extending from the Maritime Continent to Australia form ahead of the westerly winds and the area of the northward cold air advection from the traveling anticyclone is shifted to the eastern Indian Ocean (Fig. 4b) . The positive NZA of the traveling anticyclone appears below 500 hPa in the tropics (Figs. 3b, c) and the ascending motion of the MJO convection is significantly weakened in comparison of that on 29 October. Such drastic change of NZA field in the Southern Hemisphere consequently induced the eastward propagation of the MJO. The eastward propagation of the extratropical cyclone and accompanying anticyclone is found to be a triggering factor of that of the MJO convection. 
Conclusion and discussion
The eastward propagation processes of the MJO synchronized with an extratropical cyclone over the southern Indian Ocean was exmamined from a case of the first MJO generated in late October during CINDY2011. The proposed scenario is that the eastward propagation of the MJO is triggered by that of an extratropical cyclone in the summer (southern) hemisphere. The ridge and trough pair meridionally extending between 30°S and 15°N accompanied by the extratropical cyclone was found to be synchronized with the eastward propagating MJO convection. Figure 5 shows the schematic illustrations summarizing the proposed scenario based on the features in Figs. 2, 3, 4 . The features of simplified background SLP pattern (light blue: < 1010 hPa; pink: > 1010 hPa, based on Fig. 2) , the trough and ridge at 850 hPa (indicated by a dashed line and solid line drawn subjectively based on the NZA of Fig. 2 ) and the symbol of the cold front representing the head of westerly winds with the zonal gradients of the equivalent potential temperature at 850 hPa (Supplement 1) are schematically depicted.
As the MJO propagated from the Indian Ocean to the Maritime Continent, the pressure field in the summer (southern) hemisphere was drastically changed in association with the traveling extratropcial cyclone and anticyclone, whereas a high-pressure field greater than 1010 hPa continued to be dominant in the winter (northern) hemisphere. Thus, the meridionally extending trough between 30°S and 15°N formed over the western Indian Ocean as a result of the decay of the Mascarene High and the passage of the strong extratropical cyclone (Figs. 5a, b) . Furthermore, the northward cold air advection with the positive geopotential height anomalies behind the cold front intruded into the tropics, and the ascending areas of the MJO and extratropical cyclone combined at 850-hPa (Fig. 5b) .
The traveling anticyclone and ridge at 850 hPa behind the cold front suppressed the convection over the western and central Indian Ocean, and the center of the MJO convection shifted eastward. The eastward expansion of the westerly wind area is consistent with the direction of the height gradient force between the ridge and trough and corresponds to the eastward propagation speed of the MJO. Thus, the eastward propagation of the MJO could be triggered by the ridge and trough pair meridionally extending between 30°S and 15°N.
This proposed scenario is consistent with the notion that environmental conditions in the subtropics and mid-latitudes influence the initiation and development of the MJOs (Adames et al. 2014; Frederiksen and Lin 2013; Fukutomi and Yasunari 2014; Ray and Zhang 2010) . For example, Ray and Zhang (2010) have found that substantial wave activity propagated northward toward the tropics from the southern Indian Ocean, and the latitudinal transport of the westerly momentum was crucial for the MJO development. The northward progress of the cold front shown in Figs. 4a, b is one of the specific processes that induce the latitudinal transport of the westerly momentum. Fukutomi and Yasunari (2014) have statistically revealed that the mid-latitude wave propagation toward the subtropics induces the growth of the trough and ridge, which extends across the tropics and subtropics over the Indian Ocean. Their results are consistent with the fact that the trough and ridge pair extending across the tropics and subtropics forms in association with the eastward propagation of the extratropical cyclone and accompanying anticyclone.
However, one of the questions raised by this scenario is the reason why the prediction of the eastward propagation of the MJO is difficult in spite of a relatively high predictability of the extratropical cyclone. One of the candidate reasons is the fact that accurately representing the ascending/convergence combined between the tropics and subtropics is difficult in typical global forecast systems because their cumulus parameterization is optimized for mid-latitudes (e.g., Chikamoto et al. 2007) . Slingo (1998) has also suggested that accurate numerical simulations of the MJO could require simulations of the interactions between the tropics and mid-latitudes. Such a suggestion from previous studies is consistent with the fact that the eastward propagation of the MJO is successfully reproduced by a global cloud-resolving model (Miura et al. 2007) .
In future studies, detailed analyses for other MJO events to which the proposed scenario can be applied will be desirable. For example, the MJO events in November 2011 and March 2012, during CINDY, which were associated with the synchronized propagation of an extratropical cyclone, as well as the present case (Moteki 2015) , should be studied to validate the scenario. Also, quantitative analyses on the latitudinal momentum transport and the zonal pressure gradient force to increase the westerly winds should be addressed in the future. Furthermore, a statistical comparison of the geopotential anomaly patterns between various types of MJOs (e.g., primary and successive events, Matthews 2008; equatorially symmetric and asymmetric events, Tung et al. 2014) would be important for the validation of the scenario. Actually, the relationship between the trough and frontal features has not yet been revealed robustly in the present study, various case studies with such perspective are required. A combination of tropical internal and extratropical external forcings, which are not discussed in the present study, should also be addressed. Fig. S1 . The same as Fig. 2 but for the zonal gradient of the equivalent potential temperature at 850 hPa to show the cold frontal features. Fig. S2 . Longitude-height cross section of the equivalent potential temperature averaged between 15°S−5°N to show the cold frontal features.
